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Although the role of Earth’s orbital variations in driving global climate cycles has long
beenrecognized, their effect on evolution is hitherto unknown. The fossil remains of

coccolithophores, a key calcifying phytoplankton group, enable a detailed
assessment of the effect of cyclic orbital-scale climate changes on evolution because
of their abundance in marine sediments and the preservation of their morphological
adaptation to the changing environment*2, Evolutionary genetic analyses have linked
broad changesin Pleistocene fossil coccolith morphology to species radiation
events®. Here, using high-resolution coccolith data, we show that during the last

2.8 million years the morphological evolution of coccolithophores was forced by
Earth’s orbital eccentricity with rhythms of around 100,000 years and 405,000
years—a distinct spectral signature to that of coeval global climate cycles*.
Simulations with an Earth System Model® coupled with an ocean biogeochemical
model® show a strong eccentricity modulation of the seasonal cycle, which we suggest
directly affects the diversity of ecological niches that occur over the annual cycle in
the tropical ocean. Reduced (or enhanced) seasonality in surface ocean conditions
favours species with mid-size (large and small) coccoliths, increasing (or decreasing)
coccolith carbonate export and burial. We posit that eccentricity pacing of
phytoplankton evolution contributed to the strong 405,000-year cyclicity that is seen
inglobal carbon cyclerecords.

Coccolithophores precipitate half of the biogenic CaCO; that is
exported from the open ocean’ and their fossil platelets (coccoliths)
firstappearedinsediments during the Upper Triassic, around 215 mil-
lionyears ago (Ma). Thereafter, coccolithophores rose to dominance®
and became a key biological modulator of the global carbon cycle
through photosynthesis and calcification®. In the dominant Cenozoic
Noelaerhabdaceae family (including Emiliania huxleyi and Gephyro-
capsa), species are defined by the morphological characteristics of
their coccoliths, with size being a key criterion' that is related to cell
size™. For Gephyrocapsa and Emiliania, phylogenies reconstructed
from gene sequences indicate that morphology-based definitions
correspond to biological species*?. Within agiven Noelaerhabdaceae
population—whichis typically dominated by one species butincludes
several—interspecific and intraspecific changes in coccolith length
and mass occur in response to environmental parameters such as
carbonate chemistry' and temperature?. Studies of coccolithophore
evolution have focused on geological-timescale changes in species
richness and turnover®, coccolith carbonate accumulation®* or cal-
cification potentially driven by carbon cycle changes®. In addition,
climate changes induced by orbital cycles (on timescales of tens to
hundreds of thousands of years) strongly influence the composition of
nannofossil assemblages' '8, However, so far the effects of orbital cycles

on coccolithophore evolution, coccolith morphology and carbonate
production have not to our knowledge been examined simultaneously.
Here we quantify the Pleistocene history of tropical Noelaerhab-
daceae evolution at high resolution (around two thousand years,
kyr), using coccoliths preserved in nine well-dated sedimentary sec-
; . i . . Q12
tions from the Indian and Pacific Oceans cored during International
Ocean Discovery Program (IODP) and International Marine Past Global
Changes Study (IMAGES) expeditions (Extended Data Table 1). We use
artificial intelligence microscopy to create a biometric database of
over 7 million coccoliths from more than 8,000 samples (Methods).
The strong similarity of morphometric patterns observed at each site
(Extended Data Fig. 1) led us to build composite frequency contour
plots of coccolith size and mass, representing larger-scale evolution-
ary change (Fig. 1a, Methods). Patches denoting high frequency of a
particular size correspond in many cases to described acmes of Noe-
laerhabdaceae species'®? or proposed evolutionary events® (Fig. 1).
The most recent evolutive phase, which started around 550 thousand
years ago (ka), isattributed to aradiation event and the emergence of
new Gephyrocapsa species, on the basis of a genetic study of extant
taxaand its temporal correlation to low-resolution coccolith morpho-
metric data®. Over the Pleistocene, average coccolith size shows an
increase that corresponds to agradual shiftin dominance from smaller
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to larger coccoliths (Fig. 1b). On orbital timescales, global ice volume
and deep-sea temperature as represented by benthic foraminiferal §°0
show a dominance of 41-kyr and later around 100-kyr glacial-inter-
glacial cycles® (Fig. 1c). By contrast, average coccolith length follows
aregular cycle that is highly coherent (greater than 99.9%) with the
orbital eccentricity periods of 405 kyr (e405) and of 124 and 95 kyr
(e100)* (Extended Data Fig. 2a), with larger average size occurring at
high eccentricity with a slight time lag (Fig. 1b).

Average size or mass of coccolithsinaNoelaerhabdaceae population
may vary because of macro- and/or microevolution, or because ecologi-
cal changes modulate the relative abundances of species in different
sizeranges. To build ametric that describes only species evolution, we
remove the effect of relative abundance changes related to ecology® by
formulatingamorphological divergence index (MDI), calculated as the
differencein average coccolith mass between two size classes—larger
and smaller than3 pm (Methods). Thus, MDI quantifies morphological
divergences of species over time through evolution, and could be driven
by changesinsize or degree of calcification (see Fig. 2 for a conceptual
explanation). Noelaerhabdaceae coccolithophores spread rapidly
throughout the oceans and are often cosmopolitan, resulting in the
same species being presentin many regions, but with different relative
abundances'>. MDIvaries independently of regional ecological specifi-
cities, and MDI records fromssites in distinct oceanographic biomes?
and climatic regimes (for example, warm pool, monsoon-dominated;
Extended Data Table1) are highly intercorrelated, all showing signifi-
cant e405 and el00 periods (Extended Data Figs. 1,2). Therefore, we
produce acomposite MDI stack, which preserves the high resolution of
eachdataset (Fig. 1e, Methods). The MDI stack, interpreted as reflecting
evolutionary changesin morphological diversity, shows strong 405-kyr
pacing throughout the Pleistoceneirrespective of glacial-interglacial
background state. Cross-spectral analysis indicates significant (greater
than 90%) coherency between the stack and Earth’s eccentricity periods
since 2.8 Ma (Fig. 1d). This pattern cannot be the result of differential
dissolution on coccolith morphology (see Methods) and in contrast
to MDI, Pleistocene deep-sea CaCO, dissolution generally follows gla-
cial-interglacial cycles®. Similarly, coccolith morphological evolution
appears not to beresponding directly to physical parameters covary-
ing with global ice volume, such as sea level or ocean temperature.
Although eccentricity forcing on coccolithophore productivity has
previously been suggested?s, our new dataset reveals that eccentricity
cyclesinstead forced the evolution of the Noelaerhabdaceae.

Cyclic coccolithophore evolution may have affected the ocean
carbon cycle through coccolith carbonate production and burial in
sediments'?. Coccolithophores produce large amounts of calcite
duringblooms??*, and sediments are often dominated by a few oppor-
tunistic species, for example E. huxleyi (0-90 ka)* and Gephyrocapsa
caribbeanica (280-570 ka)® in the late Pleistocene. We estimate the
mass accumulation rate of Noelaerhabdaceae coccoliths (NOMAR)
in our cores and produce a stacked record (Fig. 1g, Methods). Noe-
laerhabdaceae coccoliths represent on average half of the total cal-
careous nannoplankton mass in our studied cores (Extended Data
Table 2). The two components of NOMAR, coccolith flux and average
mass, are separated in Extended Data Fig. 3. This reveals that NOMAR
is primarily driven by changes in coccolith flux, and that fluxand mass
often have opposing effects on NoMAR as medium-sized, lighter spe-
cies (forexample, E. huxleyiand G. caribbeanica) contribute the most
to coccolith carbonate export. Thus, higher NoMARs when mid-size
opportunistic species dominate often correspond to lower MDI values
(Fig.1le, g). The dominance of these opportunistic species coupled with
high coccolithophore accumulationin sediments during eccentricity
minimaisalsorecorded in the extra-tropics?. In contrast to MDI, local
ecological conditions affecting productivity and export—and possibly
water depth affecting coccolithaccumulation—also influence NoMAR,
soalinear relationship between the twois notexpected. Althoughitis
impossible to quantify the relative effects of these factors, common
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trends between sites emerge despite different absolute values and
thesearereflected inthe NoMAR stack. Thus, NoMAR combines global
evolutionary andlocal ecological drivers of calcite production, whereas
MDI should exclusively record evolution. Nevertheless, the NoMAR
composite record shows strong eccentricity periodicities that are
significantly coherent with MDI throughout the Pleistocene (Fig. 1f),
showing astrongimprint of coccolithophore morphological evolution
on carbonate production and burial.

MDI and long-term seasonal variations

We hypothesize that the MDIlindex responds to variations in the ampli-
tude of tropical seasonality. Inlow latitudes, seasonal contrast isrelated
to the eccentricity of Earth’s orbit?** both directly, because the ellip-
ticity of the orbit determines the distance between the Sun and the
Earth during each season, affecting radiation intensity, and indirectly,
because eccentricity modulates the effect of precession on seasonal
insolation contrast. Seasonal contrast is greater during periods of
high eccentricity. To our knowledge, the eccentricity-paced rhythm
of surface-ocean seasonality that dominates MDI has not been docu-
mented previously because most proxies record integrated annual aver-
age conditions or aspecificseason. Inthe modernintertropical ocean,
large seasonal changesin the properties of the upper water column (for
example, mixed-layer depth and nutrient availability) are associated
with the seasonally reversing monsoon systems and latitudinal migra-
tionsintheintertropical convergence zone. The seasonal succession of
coccolithophore species, a characteristic of phytoplankton ecology,
isindicative of their adaptation to the different ecological niches cre-
ated by seasons®. In the modern ocean, the highest phytoplankton
diversity is found in the tropical band, a pattern probably related to
high temperatures and stable conditions, whereas seasonal species
turnover is highest at mid-latitudes because of a strong seasonal tem-
perature contrast®. Intra-annual dynamics of net primary production
(NPP) are good descriptors of the range of oceanographic niches and
biomes?, because NPP represents the integrated biological response
toall ofthe changes forced by the ocean-atmosphere coupled system.
To demonstrate the effect of orbital configuration on NPP seasonality
and therefore niche availability, we simulated monthly oceanic NPP
using the fully coupled IPSL-CM5A2 model’, which includes the ocean
biogeochemistry model PISCES-v2¢, for seven early Pleistocene time
intervalsthat cover alarge eccentricity spectrum with different preces-
sion conditions but with similar ice volume and obliquity (Extended
Data Table 3, Fig. 1b). The results of these simulations for the tropical
Indianand western Pacific Oceans show that the seasonal range of NPP
increases with eccentricity, atrend that parallels the eccentricity sorted
values of MDI in our Plio-Pleistocene time series (Fig. 3).

In the simulations, the increase in amplitude of the NPP seasonal
cycle (Fig. 3a, Extended Data Fig. 4a-e) is primarily driven by higher
productivity during boreal summer, especially in the eastern Indian
ocean. Thisincrease is forced by the modification of atmosphere-ocean
dynamics in response to variations in the amplitude and seasonality
of insolation forcing (Extended Data Fig. 5a-c). Eccentricity acts on
sea-level pressure over continental Asia (Extended Data Fig. 5d-h)
through insolation, inducing modifications of sea-level pressure gra-
dients and low-level wind circulation over the Indo-Pacific Warm Pool
(IPWP) (Extended Data Fig. 4f-h). Changes in atmospheric dynamics
areresponsible for regional and seasonal enhancement of NPP at high
eccentricity (Extended DataFig.4a-c), either through the generation
ofanomalous upwelling along the equator (southwest of India) or the
modification of the hydrological cycle that create more favourable con-
ditions for intense vertical mixing (Extended Data Fig. 6a, c), depend-
ing on precession. Overall, those localized increases in the amplitude
of the seasonal cycle lead to a less homogeneous upper ocean in the
IPWPregion at high eccentricity (Fig. 3a, Extended Data Fig. 4a—c). We
propose that during times of high eccentricity, the higher seasonal
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Fig.1|Noelaerhabdaceae coccolithmorphology and accumulation,
eccentricity, and climate over thelast2.8 millionyears. a, Frequency contour plot
of multi-site stacked coccolith length (see Methods). Scanning electron microscope
imagesrepresent examples of the diversity of Noelaerhabdaceae morphologies
overtime.1, Emiliania huxleyi; 2, Gephyrocapsaericsonii; 3, Gephyrocapsaoceanica;
4,Gephyrocapsacaribbeanica; 5-6, Gephyrocapsaomega; 7-8, mid-size
Gephyrocapsa; 9,small Gephyrocapsa; 10, Pseudemiliania ovata; 11, Reticulofenestra
minuta;12, left: P.ovata, right: R. minutula.b,Mean coccolithlengthin the stack
(blue), plotted with Earth’s eccentricity® (dotted black line) and low-pass-filtered
eccentricity withanangular frequency of 0.021 kyr™ (red). Described
Noelaerhabdaceaeacmes'®? areshownasblackbars (I, E. huxleyi; |l, G. caribbeanica;
IlTand 1V, mid-size Gephyrocapsa). Coloured starsand diamonds on the eccentricity
curve show the timing of actual orbital configurations used inmodel simulations

(P,ax perihelioninDecember; P,,,,, perihelioninjune); smaller grey symbolsindicate
timesthroughout therecord with similareccentricity and precession
configurationsto those modelled (Methods). ¢, LRO4 benthic foraminiferal §50
stack®. Greybandillustrates the small range of benthic 50 between model
simulations.d, Left, evolutive cross-spectral analysis between MDland eccentricity
(Methods). Colour-scale shows coherency (90% confidence level (CL) above 0.7);
horizontal dashed lines show eccentricity periods. Right, MTM spectral analysis of
detrended MDIstack.Shaded areas are above the CL90% (dashedline). Solid black
lineis CL95%.e, MDIstack (2-kyr resolution; see Methods).f, Left, evolutive
cross-spectral analysis between NoMAR and MDI. CLsasind (left). Right, MTM
spectralanalysis of detrended NoMARstack.CLsasind (right). g, NoMAR stack
(2-kyrresolution; see Methods). MDIand NoMARstacks are smoothed withaLoess
function, and blue shading shows maximum and minimum valuesacrossall records.
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Fig.2|MDI concept. a, Schematic representation of MDI (conceptual model).
We consider an evolutionary sequence in which species A (intermediate
morphology) evolvesintospecies B (smaller) and C (larger).Inepoch 2,Band C
have equivalent proportions,andin epoch 3, they fluctuate inrelative
abundancebetween25% and 75%. The evolutionary event between epochs1
and 2 (red shading) is not detected in mean population morphology (for
example, size, mass). In epoch 3, fluctuating ecology produces population
dynamics detected in mean morphology (grey shading). With abiometric
boundary of 2 units, MDIjumps from O to 2 fromepoch1to 2, thusitis
diagnosticof an evolutionary event.Inepoch 3, MDIremains stable despite
fluctuating assemblage composition. In thisidealized example, average
populationbiometry isrelated to ecology and MDI to evolution. b, MDI
calculated for IODP site U1485 (example dataset). Right, average
Noelaerhabdaceae coccolith mass (smoothed using a Loess function). Middle,

range of NPP in our model simulations (representing up to 100% of
mean annual NPP) is indicative of more diverse ecological niches to
which coccolithophores can adapt. A greater diversity of ecological
niches when seasonality is high® leads to a larger number of species
because Noelaerhabdaceae adaptationis characterized by the adjust-
ment of coccolith size and degree of calcification to thrive in the new
environments*%

Eccentricity lag, origination and dominance

Coccolith morphological diversity clearly responds to eccentricity
(Fig.1); however, in stark contrast to Plio-Pleistocene climate proxy
records??* and coccolithophore assemblage dynamics'® ™, precession
and obliquity cycles are absent from the 2-kyr resolution MDI records
(Extended Data Fig. 2c-k). These cycles could have been smoothed
out by the evolutionary process acting as a low-pass filter, providing
an explanation for the phase lag observed between eccentricity and
Noelaerhabdaceae morphology (Fig.1b, Extended DataFig.2a, b). We
know that speciation events spread rapidly throughout the oceans'***%,
and species dominance takes longer, as exemplified by E. huxleyi. This
species appeared at 290 ka but did not become dominant until 90 ka',
duringanintense low-eccentricity interval two €100 cycles later, when
it gained a competitive advantage over Gephyrocapsa oceanica and
Gephyrocapsa ericsonii (Extended Data Fig. 7). The delay between
species appearance and dominance could therefore be intrinsic in
smoothing out variability at precession and obliquity timescales in
the MDI record (Fig. 1b, Extended Data Fig. 7). At present, the lack of
precise ages for the first occurrences of Noelaerhabdaceae species
inthe fossil record precludes us from testing this hypothesis further.
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twossize classes are created: coccoliths shorter and longer than 3 pm (grey
histograms). MDl s the difference between the average log(mass) of each class
(lightand dark grey dots on histograms). Thus, MDI can differ substantially
from average coccolith mass (black dots on mass distribution plots), and two
samples can have asimilar MDIbut different average mass and mass
distributions (for example, 180 ka versus 190 ka), or different MDI but similar
averages (forexample, 3 ka versus 190 ka). In this way, MDI isolates
morphological variability resulting from evolutionary changes in the number
of different morphotypes present within the population. Left, MDIrecord
(identical Loess smoothing window to thatin the right panel). Smoothed
curvesillustrate the effect of different length or mass thresholds used to
calculate MDI: solidred line, 3 pm; red dotted line, 2.7 um; red dashed line,
3.6 um;solid blueline, 3.16 pg.

The eccentricity lags and transfer of spectral power from high to low
frequencies described here are analogous to modelling resultsin a
previous study of deep-time carbon cycle variations on orbital time-
scales®, hinting that coccolithophores may drive—rather than just
respond to—carbon cycle changes.

Coccolithophores and the global carbon cycle

The persistence of e100 and €405 cycles in Cenozoic and Mesozoic
records of the ocean carbon cycle (for example, per cent CaCO; and
foraminiferal 8°C), independent of glacial-interglacial climate state,
attests to the importance of biogeochemical processes operating at
these timescales throughout Earth’s history®>*¢, During the Pleisto-
cene, Mediterraneansurface §°C records document e405 cycles more
faithfully than do deep open-oceanrecords, suggesting alow-latitude
climatic origin of this signal®. Chemical weathering has been suggested
as a potential modulator of the ocean carbon cycle on 400-kyr time-
scales”. Similar to our coccolith records, anotable phase lag between
81C and eccentricity is observed in the €405 band, which has been
explained by the long residence time of carbonin the oceans and result-
anttransfer of energy from precessioninto eccentricity bands through
anon-linear process***.Previous coccolith records spanning up to
around1 millionyears (Myr) have linked coccolithophore production to
eccentricity forcing”?. Yet changes reconstructed at our low-latitude
sites cannot be explained by the hypothesis that eccentricity-driven
changes in growing season length are responsible for the approxi-
mately 400-kyr cycle in coccolithophore production?. Our data and
model results support the alternative hypothesis that changes in sea-
sonality caused by the eccentricity of the Earth’s orbit paced tropical
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Fig.3|Modelled NPP seasonal contrast under different eccentricity
configurationsand MDI. a, Eccentricity-driven changes in the seasonality of
NPPinthetropical Indo-Pacific. Colour scale shows the vertically integrated
NPP seasonal contrast difference between numerical model outputs computed
atmaximum and minimum eccentricity, each run at perihelioninjune (P,,,) and
December (P,,,,) and then averaged (Methods) (thatis, Seasonality £,,,—
Seasonality £,,,;,). Values are expressed as a percentage of mean annual
pre-industrial NPP simulated ina previous report®. Red colours imply higher
seasonality at high eccentricity; blue coloursimply higher seasonality at low
eccentricity. Black circles show sediment core site locations used in this study:
1,10DP U1446;2,10DP U1448;3,10DP U1443; 4, MD97-2140; 5,MD05-2920; 6,
10DP U1486;7,10DP U1485; 8, MD05-2930; 9, I0DP U1483 (Extended Data
Table1). Exact corelocations are not relevant, asrecorded evolutionary events
may have originated anywherein the tropics. b, Box-and-whiskers plots of all
MDIl values (centre line, median; box limits, first and third quartiles; whiskers,
1.5xinner quartile range; points, outliers), sorted by increasing
low-pass-filtered eccentricity and grouped into four bins (e < 0.01 (number of
samples,n=179);0.015<e<0.025(n=328);0.025<e<0.035 (n=513);and
e>0.035(n=386)), compared to the seasonal NPP contrast (maximum minus
minimum month) from seven numerical simulations (see Methods). Model
pointsrepresentaregional meanoftheentiremapareaina.AsinFig.1b,
orange diamonds are model runs with perihelionin December (P,,,,: 2,222 ka,
2,265 kaand 2380 ka), greenstars are runs with perihelioninJune (P,
2,230ka, 2,346 ka, 2,369 ka, and 2,395 ka)—illustrating that eccentricity hasa
much larger effect on seasonality than precession atagiven eccentricity.

Noelaerhabdaceae evolution and production throughout the Pleis-
tocene. Although these changes clearly affect carbonate accumula-
tion patterns (Fig. 1g), coccolithophore productivity alone cannot be
responsible for the expression of long eccentricity cycles in climate
records because they are only one constituent of the phytoplankton.
Other phytoplankton groups, some with little or no fossil record, may
also have beensimilarly influenced by variations in tropical seasonality
on these timescales. In this case, the effect of changes in the ratio of
exported organic carbon production to carbonate mineral production,

known as the rain ratio®, may have been strong enough to modulate
the carbon cycle. The cyclic evolution of calcifying phytoplankton
on eccentricity timescales in response to seasonality documented
here provides evidence in support of the hypothesis that biosphere
productivity must have responded to changes in solar insolation®**”
to explain the strong e405 signature in carbon cycle records.
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